The PKD1 gene encodes polycystin-1 (PC1), a mechanosensor triggering intracellular 35 responses upon urinary flow sensing in kidney tubular cells. Mutations in PKD1 lead to 36 autosomal dominant polycystic kidney disease (ADPKD). The involvement of PC1 in renal 37 electrolyte handling remains unknown since renal electrolyte physiology in ADPKD patients has 38 only been characterized in cystic ADPKD. We thus studied the renal electrolyte handling in 39 
INTRODUCTION
4 renal replacement therapy (16, 38) . ADPKD is characterized by increased cell proliferation, fluid 86 accumulation and altered extracellular matrix synthesis, resulting in cyst formation and 87 eventually in end-stage renal disease (ESRD). In advanced ADPKD, hypertension is common 88 and glomerular filtration rate (GFR) is reduced (6, 48) . Electrolyte disturbances in ADPKD are 89 described in literature, but these reports are mostly restricted to cystic ADPKD (4, 11, 13, 34, 39, 90 40, 43, 44, 47, 51, 55, 57, 58) . When electrolyte imbalances are detected in cystic ADPKD, it is 91 not possible to discern whether these disturbances are caused by dysfunctional PC1 or by cyst 92 formation or defects in GFR, which dramatically impair renal fluid flow and blood filtration, 93 respectively. In Pkd1 +/-mice, urinary wasting of Na + , and reduced urinary Ca 2+ excretion and 94 serum Na + levels have been reported (1). However, Pkd1 +/-mice are not adequate to disclose 95 PC1 function since one Pkd1 allele still translates into a functional PC1 protein, while Pkd1 -/-96 mice die prematurely. Therefore, use of kidney-specific Pkd1 -/-mice, which are viable (27) and 97 in a stage preceding cyst formation (pre-cystic), is key to elucidate the involvement of PC1 in 98 renal electrolyte handling. Identification of putative electrolyte disturbances in kidney-specific 99
Pkd1
-/-mice can be of paramount relevance to fully characterize the function of PC1 and thus 100 delineate the physiological consequences of sensing urinary flow along the nephron. 101
The aim of this study was, therefore, to study the function of PC1 in renal electrolyte 102 handling in relation to pre-cystic ADPKD by using an inducible kidney-specific Pkd1 -/-mouse 103 model. 104
5
Tamoxifen was orally administered to iKsp-Pkd1 lox/lox mice on postnatal days 18, 19 and 20 112 (PN18) to induce a kidney specific knockout of Pkd1 (iKsp-Pkd1 -/-) and thus model ADPKD (27, 113 28). For experimentation, 8 male mice (obtained from 3 litters) received tamoxifen (iKsp-Pkd1 -/-) 114 and 7 male mice (obtained from 3 litters) received no treatment (control). Only male mice were 115 used in order to exclude sex as a factor influencing electrolyte handling since estrogen can 116
influence Mg 2+ absorption rates (8). At PN18 + 22 days and at PN18 + 29 days, mice were 117 placed in metabolic cages for 24hrs to collect urine and faeces. Subsequently, body weight, 118 faeces weight, urinary volume, food and water intake were assessed. Next, mice were 119 anesthetized using isoflurane, and blood was collected via eye extraction. Finally, mice were 120 sacrificed by cervical dislocation. Serum was obtained from the blood by centrifugation. Kidneys 121 were extracted and weighed, and different segments of the intestine were collected in liquid 122
nitrogen and stored at -80°C for mRNA and protein isolation. Part of the kidney was fixed in 4% 123 (v/v) was analyzed in the urine using a nonradioactive enzyme immunoassay kit (Cayman Chemical, 143 MI, USA). The weight of both kidneys (2KW) was compared to the total body weight (BW) in 144 order to determine the 2KW/BW ratios (%) for each mouse. 145
146

Histology & Cystic Index 147
Formalin fixed kidneys were embedded in paraffin and sections (4μm) were prepared. Sections 148
were stained with periodic-acid Schiff (PAS) and hematoxylin and eosin (HE) using standard 149 procedures. PAS and HE stainings were analyzed in order to examine features such as tubular 150 dilation and/or cyst formation. The cystic index of kidneys from control and iKsp-Pkd1 -/-mice 151 was defined as the percent of lumen area over the total image area and assessed from total 152 scans of hematoxylin and eosin-stained kidney sections (Figure 1 ). The stained lumen content 153 of larger dilations and/or potential small cysts was removed from the images using Photoshop 154 CC 2017 (Adobe Systems, CA, USA). Cystic index, using the ratio of total renal area plus lumen 155 and total renal area minus lumen was determined by ImageJ software (National Institute of Atp2b4, Aqp2, Calb1, Cldn16, Cldn19, Cnnm2, Kcnj1, 194 Prom1, Prom2, Pvalb, Scnn1a, Scnn1b, Slc8a1, Slc12a1, Slc12a3, Slc34a1, Slc41a3, Trpm6, 195 Trpm7, Trpv5 and Umod ( 
Statistical Analyses 202
Differences between groups were assessed using an unpaired Student's t-test. All data were 203 expressed as mean ± SEM. Statistical significance was accepted at P < 0.05. Statistical 204 analyses were performed using GraphPad Prism 6 (GraphPad, San Diego, CA, USA). 
(iKsp-Pkd1
-/-) mice) displayed mild dilated tubules in the cortex, outer and inner medulla at 214 PN18 + 29 days (Figure 1, 2A) . In detail, after immunofluorescent staining for specific nephron 215 9 segments, only mild tubular dilation, restricted to the PT and CD, was observed. Importantly, no 216 tubular dilation was observed in TAL, DCT and CNT ( Figure 2B ). Remarkably, at this pre-cystic 217 stage, Kim-1 (Kidney injury molecule-1) mRNA expression was significantly increased (P < 218 0.05), whereas the Blood Urea Nitrogen (BUN) levels were not altered between control and 219
iKsp-Pkd1
-/-mice ( Figure 2C-D) . Furthermore, a significantly increased 2KW/BW ratio (1.3 ± 220 0.1% and 1.6 ± 0.1% for control versus iKsp-Pkd1
-/-mice, respectively, P < 0.05) and cystic 221 index (1.8 ± 0.2% and 3.6 ± 0.4% for control versus iKsp-Pkd1
-/-mice, respectively, P < 0.05) 222 was observed ( Figure 
Pre-cystic iKsp-Pkd1
-/-mice display disturbances in renal electrolyte and water handling 226
Serum and 24-hrs urine were collected to characterize the renal electrolyte and water handling 227
-/-mice with pre-cystic kidneys, and in control mice. In detail, at PN18 + 22 days, 228 urinary wasting of Ca 2+ and Mg 2+ was observed (P < 0.05) (Table 2) ; however, this effect was 229 not observed at PN18 + 29 days (Table 2) . Conversely, analysis at PN18 + 29 days showed that 230
iKsp-Pkd1
-/-mice exhibited lower serum Ca
2+
, Mg
, Na + and P i levels (P < 0.05) and a renal P i 231 leakage (P < 0.05) ( Table 2) . A non-statistically significant increase in urinary volume was 232 observed in iKsp-Pkd1 -/-mice as compared to controls (P = 0.23 and P = 0.08 for PN18 + 22 233 days and PN18 + 29 days, respectively). No changes in urine osmolality and cAMP levels at 234 PN18 + 22 days were observed. However, at PN18 + 29 days, urine osmolality was significantly 235
-/-versus control mice. At this time point, urinary cAMP was 236 significantly higher (P < 0.05) in iKsp-Pkd1 -/-mice as compared to controls (Table 2) , indicating 237 an activation of the arginine vasopressin (AVP)-cAMP-AQP2 axis. Significant changes in serum 238 glucose were not observed between iKsp-Pkd1 -/-and control mice at PN18 + 29 days. Serum 239 osmolality was similar between iKsp-Pkd1 -/-and control mice at PN18 + 29 days. The calculated 240 serum osmolarity was significantly lower in iKsp-Pkd1 -/-mice as compared to controls. 241
Furthermore, control and iKsp-Pkd1 -/-mice had a comparable food and water intake ( Table 2) . 242
243
Decreased expression of key genes for electrolyte reabsorption in TAL, DCT and CNT 244
To assess whether the electrolyte imbalances in iKsp-Pkd1
-/-mice resulted from aberrant gene 245 expression, the mRNA expression of key genes relevant for electrolyte handling in the kidney 246 were examined. At PN18 + 29 days, downregulation of the mRNA levels in whole kidney of 247 several key genes for electrolyte reabsorption in TAL, DCT and CNT was observed in iKsp-248
Pkd1
-/-mice compared to control mice. In TAL, the expression of Cldn16 (Claudin16), Kcnj1 249 (ROMK) and Slc12a1 (NKCC2) was decreased (P < 0.05) ( Figure 3B ). In DCT, reduced 250 expression of Trpm6 (TRPM6) and Slc12a3 (NCC) was observed (P < 0.05) ( Figure 3C ). The 251 expression of Calb1 (Calbindin1), Slc8a1 (NCX1) and Atp2b4 (PMCA4) was downregulated in 252 the CNT (P < 0.05) ( Figure 3D ). Genes encoding channels and transporters in the PT (Abcg2 253 and Slc34a1) and CD (Aqp2, Scnn1a and Scnn1b) were not affected ( Figure 3A, 3E) . Gene 254 expression of Trpm7 (TRPM7), a gene ubiquitously expressed along the nephron, was similar in 255 iKsp-Pkd1
-/-and control mice ( Figure 3F ). 256 257
Decreased gene expression of renal segment markers in pre-cystic iKsp-Pkd1
-/-mice 258
The expression of Umod (Uromodulin), a marker of the TAL (46), and Pvalb (Parvalbumin), a 259 marker of the DCT (36), was downregulated in iKsp-Pkd1 -/-mice compared to control mice (P < 260 0.05) ( Figure 4A ). Furthermore, decreased expression of Prom2 (Prominin-2), a marker of TAL, 261 DCT, CNT and CD was also observed iKsp-Pkd1 -/-mice compared to control mice (P < 0.05), 262
whereas Prom1 (Prominin-1) expression, a marker of the PT (23), was similarly expressed in 263 the kidneys of control and iKsp-Pkd1 -/-mice ( Figure 4B ). 264
Compensation of the renal electrolyte disturbances in the intestine 267
In order to disclose extra-renal mechanisms compensating for the electrolyte imbalances 268 elicited by knocking out Pkd1 in the mouse kidney, we assessed the mRNA expression of genes 269 relevant for electrolyte handling in the intestine. Interestingly, Trpv6 (TRPV6) expression was 270 increased in the duodenum (P < 0.05) of iKsp-Pkd1 -/-mice as compared to controls ( Figure 5A ), 271 whereas in colon, Trpm6 expression was decreased (P < 0.05). In duodenum and caecum, no 272 changes in Trpm6 expression were observed. Furthermore, in colon and caecum, no changes in 273 gene expression were observed between iKsp-Pkd1 -/-and control mice for Cnnm4, Trpv6 and 274 By characterizing the renal electrolyte and water handling, and its influence on serum 287 electrolyte levels, in the renal pre-cystic stage of iKsp-Pkd1 -/-mice, information about the early 288 stages of development of ADPKD is provided. Most studies using models for ADPKD have only 289 investigated renal cystic stages, and thus, later stages to the pre-cystic phase. The mice used in 290 our study clearly show a renal pre-cystic phenotype. This is supported by the low 2KW/BW 291 ratios, the low cystic index, and the absence of cysts in the PAS-stained kidney sections of 292 
Pkd1
-/-mice. We only observed a mild tubular dilation restricted to the PT and CD (cystic index: 293 3.6 ± 0.4%). Models with a cystic phenotype generally display a cystic index of 20 to 60%, 294 depending on the model (10, 17, 28, 35 hypovolaemia, respectively. Thus, the origin of the lower levels of Na + in the serum of iKsp-319
-/-mice compared with controls remains elusive. 320
In contrast with serum osmolality, urine osmolality was significantly decreased at PN18 + 321 29 days in iKsp-Pkd1
-/-mice as compared to controls. Taking into account the increase in urine 322 production between iKsp-Pkd1 -/-versus control mice (though not statistically significant) (Table  323 2), these data clearly indicate an inability of the kidneys of iKsp-Pkd1 -/-mice to concentrate ions 324 in urine. This is supported by increased urinary cAMP levels in iKsp-Pkd1 -/-mice, which 325 indicates a compensatory response to the decreased water reabsorption by activation of the 326
AVP-cAMP-AQP2 axis (42). 327
Importantly, BUN, a common marker for kidney function, remained unchanged in Pkd1 are clearly intertwined with ADPKD (5, 38), this study is the first to show that remodeling due to 360 PC1 dysfunction in a pre-cystic context results in broad electrolyte imbalances. The association 361 of the electrolyte imbalances in iKsp-Pkd1 -/-mice with remodeling events in the kidney is 362 congruent with the de-differentiation and persistent cell proliferation already reported for altered 363 PC1 expression in kidneys (22, 29) . 364
In conclusion, we have demonstrated that dysfunction of PC1 impairs renal Mg The area of the total kidney minus the stained lumen area was calculated (C, F) and subtracted 569 from the total renal plus lumen area (B, E). 570 Copyright © 2018 American Physiological Society. All rights reserved.
Pvalb
CGCTGAGGACATCAAGAAGG AGCTTTCAGCCACCAGAGTG
Scnn1a
CATGCCTGGAGTCAACAATG CCATAAAAGCAGGCTCATCC
Scnn1b
GTCATCGGAACTTCACGCCTAT TCCTCCTGACCGATGTCCAG
Slc8a1
CTCCCTTGTGCTTGAGGAAC CAGTGGCTGCTTGTCATCAT
Slc12a1
GGCTCCTCCACACAGGCTC CACATGGTCTTCCACTGTGGTT
Slc12a3
CTTCGGCCACTGGCATTCTG GATGGCAAGGTAGGAGATGG
Slc34a1
TCAGGAAGAGGAGCAAAAGC AAAGGAAAGCCAGCATCAGA
Slc41a3
TGAAGGGAAACCTGGAAATG GGTTGCTGCTGATGATTTTG
Trpm6
AAAGCCATGCGAGTTATCAGC CTTCACAATGAAAACCTGCCC
Trpm7
GGTTCCTCCTGTGGTGCCTT CCCCATGTCGTCTCTGTCGT
Trpv5
CTGGAGCTTGTGGTTTCCTC TCCACTTCAGGCTCACCAG
Trpv6
GGCCTCACAACCTCATTTAC CTCAATGAGCAGTCTAACAATC
Umod
TGCAGGGTAGATGAAGATTGC GGCACTTTCTGAGGGACATC
